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heating and from a contamination with a crucible component
produced by the reaction. The method for producing a garnet
type oxide solid electrolyte represented by a general formula
(L1, A _,)La; E,7Zr, M _O,, may comprise the steps of:
preparing raw materials for the garnet type oxide solid
clectrolyte at a stoichiometric ratio of the above general
formula; preparing flux raw maternials by using NaCl and
KCl at a molar ratio of NaCl:KCl=x:(1-x) where x satisfies
O=x=1; mixing the solid electrolyte raw matenals prepared
in the above step and the flux raw materials prepared 1n the
above step; and heating a mixture of the solid electrolyte raw

maternals and the flux raw materials at a temperature of less
than 1100° C.
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METHOD FOR PRODUCING GARNET TYPE
OXIDE SOLID ELECTROLYTE

TECHNICAL FIELD

The disclosure relates to a method for producing a garnet
type oxide solid electrolyte.

BACKGROUND

A garnet type oxide solid electrolyte with properties such
as high L1 10n conductivity, has attracted attention as a solid
clectrolyte for an all-solid-state lithium secondary battery. A
technique of producing such a garnet type oxide solid
clectrolyte by a flux method 1s known, 1in which materials for
the solid electrolyte and a flux are mixed and heated.

In Patent Literature 1, 1t 1s described that a garnet type
solid electrolyte can be obtained by using a flux (e.g., LiOH)
and an auxiliary flux (e.g., NaCl, KCl) and heating them 1n
combination with solid electrolyte raw materials. In Com-
parative Example 1 1n Patent Literature 1, 1t 1s described that
a product synthesized to be a gamet type oxide solid
clectrolyte represented by the composition formula
L1,La,Zr,O,, by using only NaCl as a tlux, shows poor
growth 1n crystal plane and an impurity phase 1s present
therein.

Non-Patent Literature 1 describes a method for producing
a garnet type oxide solid electrolyte represented by the
composition formula Li;La,Nb,O,, by using LiOH as a
flux. Non-Patent Literature 1 also describes that a product
synthesized to be the gamet type oxide solid electrolyte
represented by the composition formula Li;La,Nb,O,, by
using NaCl as the flux, shows poor growth in crystal plane
and contains impurities.

Patent Literature 1: Japanese Patent Application Laid-Open

No. 2012-174659
Non-Patent Literature 1: Mizuno, Y. et al., Crystal Growth

and Design, 2013, 13, 479-484

However, 1n the case where a garnet type oxide solid
clectrolyte 1s synthesized by using a Li-containing com-
pound (e.g., L1OH) as a flux, there 1s the following problem,
for example: L1, which 1s a most base metal element and 1s
highly reactive, reacts with a crucible component, and
impurities including a crucible-derived component are pro-
duced by the reaction, along with the target garnet type oxide
solid electrolyte.

SUMMARY

The disclosed embodiments were achieved 1n light of the
above circumstance. An object of the disclosed embodi-
ments 1s to provide a method for producing a garnet type
oxide solid electrolyte that 1s inhibited from a reaction of a
flux and a crucible 1n a heating step and from a contamina-
tion of the garnet type oxide solid electrolyte with a crucible
component produced 1n a mixture by the reaction.

In a first embodiment, there 1s provided a method for
producing a garnet type oxide solid electrolyte represented
by a general formula (L1, A ,)La, E,Zr, M _O,, where
al satisfies 5<al<7; a2 satisfies 0<a2=<0.2; b satisfies O<b=1;
¢ satisfies 0.125=c=<0.6; A 1s at least one element selected
from Al and Ga; E 1s at least one element selected from Ca
and Sr; and M 1s at least one element selected from Nb and
Ta, the method comprising the steps ol: preparing raw
materials for the gamet type oxide solid electrolyte at a
stoichiometric ratio of the above general formula; preparing
flux raw materials by using NaCl and KCl at a molar ratio
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of NaCl:KCl=x:(1-x) where x satisfies O=x<1; mixing the
solid electrolyte raw materials prepared in the above step
and the flux raw matenals prepared in the above step; and
heating a mixture of the solid electrolyte raw materials and
the flux raw materials at a temperature of less than 1100° C.

In the method for producing the garnet type oxide solid
clectrolyte, X may satisty O=x<1.

In the method for producing the garnet type oxide solid
clectrolyte, x may satisty 0.1=x=0.8.

In the method for producing the garnet type oxide solid
clectrolyte, the solid electrolyte raw materials and the flux
raw materials may be mixed so that a theoretical value of a
molar concentration of the solid electrolyte 1n the dissolved
mixture after synthesis, 1s 2.5 mol/LL or less in the heating
step.

According to the disclosed embodiments, a method for
producing a garnet type oxide solid electrolyte that 1s
inhibited from a reaction of a flux and a crucible 1n a heating
step and from a contamination of a target compound with a
crucible component produced 1n the mixture by the reaction,
can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings,

FIG. 1 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 1;

FIG. 2 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 2;

FIG. 3 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 3;

FIG. 4 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtamned by a production method of
Example 4;

FIG. § shows an XRD spectrum of a gamet type oxide
solid electrolyte obtained by a production method of
Example 5;

FIG. 6 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 6;

FIG. 7 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 7;

FIG. 8 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 8;

FIG. 9 shows an XRD spectrum of a gamet type oxide
solid electrolyte obtamned by a production method of
Example 9;

FIG. 10 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of
Example 10;

FIG. 11 shows an XRD spectrum of a garnet type oxide
solid electrolyte obtained by a production method of Com-
parative Example 1; and

FIG. 12 1s a graph showing a relationship between the
composition and L1 1on conductivity of garnet type oxide
solid electrolytes.

DETAILED DESCRIPTION

The method for producing the garnet type oxide solid
clectrolyte according to the disclosed embodiments, 1s a
method for producing a garnet type oxide solid electrolyte
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represented by a general formula (Li1,,, A _,)La;  E,

Zr, M O,, where al satisties 5<al<7; a2 satisties

0=<a2<0.2: b satisfies O<b=<1; ¢ satisfies 0.125=c=<0.6; A 1s at

least one element selected from Al and Ga; E 1s at least one
element selected from Ca and Sr; and M 1is at least one °
clement selected from Nb and Ta, the method comprising the
steps of: preparing raw materials for the garnet type oxide
solid electrolyte at a stoichiometric ratio of the above

general formula; preparing flux raw materials by using NaCl
and KCl at a molar ratio of NaCl:KCl=x:(1-x) where x
satisfies O=x=1; mixing the solid electrolyte raw matenals
prepared 1n the above step and the flux raw materals
prepared 1n the above step; and heating a mixture of the solid
clectrolyte raw materials and the flux raw materials at a
temperature of less than 1100° C.

In the production method according to the disclosed
embodiments, the garnet type oxide solid electrolyte (here-
iafter it may be simply referred to as “solid electrolyte™) 1s
produced by a flux method. The flux method 1s a method for 20
growing crystals of a crystalline compound, and 1t 1s a
method for obtaining a crystalline compound by mixing raw
materials that will be a crystalline component, and a flux that
can dissolve the raw materials and the target crystalline
compound at a temperature equal to or lower than the 25
melting points of the raw materials and the target crystalline
compound.

In the case of producing a solid electrolyte by using a
L1-containing compound as a flux, the .1 may react with a
crucible component during heating, and the crucible com- 30
ponent may be dissolved in the mixture. Therefore, the
following problems arise.

First, the dissolved crucible component may be substi-
tuted with L1 1ons 1n the solid electrolyte and may decrease
the L1 10n conductivity of the solid electrolyte thus obtained. 35

Second, impurities may be produced by the dissolved
crucible component and may decrease the L1 1on conduc-
tivity of the solid electrolyte thus obtained.

Third, since the Li-containing compound (flux) reacts
with the crucible component during heating, the tlux, which 40
1s 1ntrinsically soluble m water and easy to remove, may be
less likely to dissolve 1n water and may make the removal of
the solid electrolyte difficult.

In the case of using L1OH as the flux, there 1s a problem
in that an aqueous solution produced by the removal of the 45
[L10OH, 1s a strong alkaline solution and puts a high load on
the environment.

Since NaCl and KCl are less reactive than the Li-con-
taining compound, even if they are used as the flux, they
hardly react with the crucible component during heating. An 50
aqueous solution of NaCl and KCI, which 1s an effluent
produced by the removal of the flux, 1s a neutral solution and
puts a small load on the environment.

However, as shown in the above-listed patent literatures,
it has been impossible to synthesize a highly-crystalline 55
garnet type oxide solid electrolyte with less impurities, when
the flux 1s changed from the Li-containing compound to
NaCl and/or KCI.

In the production method according to the disclosed
embodiments, the composition of the target solid electrolyte 60
1s limited to the specific composition, whereby a highly-
crystalline, high-quality garnet type oxide solid electrolyte
with less impurities can be obtained even 1n the case of using,
any of NaCl, KCI and a mixture thereof as the tlux.

Hereinafter, the steps of the method for producing the 65
garnet type oxide solid electrolyte according to the disclosed
embodiments, will be described 1n detail.
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4

[The Composition of the Target Garnet Type Oxide Solid
Electrolyte]

In the production method according to the disclosed
embodiments, the composition of the target solid electrolyte
1s limited to the composition represented by the general
tformula (L1,_,, A_,)La; ,E,Zr, M O,,. In the general for-
mula, al, a2, b and ¢ satisfy 5<al</, 0=a2=0.2, O<b=1 and
0.125=c=0.6, respectively. In the general formula, A 1s at
least one element selected from Al and Ga; E 1s at least one
element selected from Ca and Sr; and M 1s at least one
clement selected from Nb and Ta (hereinafter, the general
formula satistying these conditions may be simply referred
to as the *“general formula according to the disclosed
embodiments”.

In the disclosed embodiments, the solid electrolyte means
a solid electrolyte with L1 1on conductivity.

In the production method according to the disclosed
embodiments, the solid electrolyte (synthesis target) 1s lim-
ited to the compound represented by the general formula
according to the disclosed embodiments, whereby a high-
quality gamet type oxide solid electrolyte can be obtained
even 1n the case of using NaCl and/or KCl, which cannot be
used 1n conventional production methods, as the flux.

As just described, the reason why a high-quality gamet
type oxide solid electrolyte can be obtained by, even in the
case of using NaCl and/or KCl the flux in the production
method according to the disclosed embodiments, limiting
the target solid electrolyte to the solid electrolyte repre-
sented by the general formula according to the disclosed
embodiments, can be explained by a relationship with the Li
ion conductivity of the thus-obtained garnet type oxide solid
clectrolyte.

It was found that the reason why a high-quality garnet
type oxide solid electrolyte cannot be synthesized in the
condition of Patent Literature 1 or Non-Patent Literature 1,
in both which NaCl 1s used as the flux, 1s as follows: NaCl
has a melting point that 1s about 350° C. higher than L10OH,
the use of NaCl as the flux results in an isuflicient reaction
temperature and fails to promote a synthesis reaction.

In the case of using a flux with a high melting point, as a
means to promote the synthesis reaction, 1t 1S common to
increase the synthesis temperature or extend the reaction
time.

However, 1n a reaction system where L1 1s present, L1 1s
cvaporated when the reaction system 1s heated at 1100° C.
or more. Therefore, 1n the case of using NaCl and/or KCl1 as
the flux, 1t 1s impossible to promote the reaction by setting
the synthesis temperature higher than the evaporation tem-
perature of Li.

In the case of producing the solid electrolyte by the flux
method, 1t 1s known that the synthesis reaction speed 1s
associated with the L1 1on diffusion rate 1n the solid elec-
trolyte thus obtained.

FIG. 12 shows a relationship between Z 1 the crystals of
a garnet type oxide solid electrolyte represented by the
composition formula L1,_La,(Zr, Nb_)O,, and L1 10n con-
ductivity. As shown 1n FIG. 12, for the crystals of the garnet
type oxide solid electrolyte represented by the composition
formula L1, _Las(Zr, Nb )O,,, 1t 1s clear that the L1 1on
conductivity 1s high when Z satisfies 0.125=7<0.6, and the
L1 1on conductivity 1s higher than the solid electrolyte
represented by the composition formula Li,La,Zr,O,,
(7=0), which was tried to be synthesized in Comparative
Example 1 1 Patent Literature 1, and then the solid elec-
trolyte represented by the composition formula

Li.La,Nb,O,, (Z=2), which was tried to be synthesized 1n
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Non-Patent Literature 1. That 1s, 1t 1s clear that the L1 1on
diffusion rate 1n the solid electrolyte 1s high.

Therefore, if the L1 1on conductivity can be increased by
changing the composition of the target solid electrolyte, the
synthesis reaction can be easily promoted even at low
temperature; moreover, even 1n the case of using NaCl
and/or KCl as the flux, both of which have a higher melting
point than Li1OH, a high-quality gamet type oxide solid
clectrolyte with high crystallinity can be obtained by heating
at a temperature less than 1100° C., which 1s the evaporation
temperature of Li.

Hereinafter, there will be described why, even 1n the case
of using NaCl and/or Kl as the flux, a high-quality gamet
type oxide solid electrolyte with high crystallinity 1s
obtained by heating at a temperature of less than 1100° C.,
as long as the garnet type oxide solid electrolyte represented
by the general formula (1, A_,)La,_,E,Zr, M _O,, where
al satisfies 5<al<7; a2 satisfies O<a2=<0.2; b satisfies O<b=1;
¢ satisfies 0.125=c=<0.6; A 1s at least one element selected
from Al and Ga; E 1s at least one element selected from Ca
and Sr; and M 1s at least one element selected from Nb and
Ta, 1s the target.

First, as shown in FIG. 12, for the crystals of the garnet
type oxide solid electrolyte represented by the composition
formula Li,_Las(Zr, _Nb )O,, where 7  satisfies
0.125=7<0.6, the L1 1on conductivity 1s the lowest when Z
1s 0.6. Between Nb and Ta, which are used as the M element,
there 1s no diflerence 1n the influence on the L1 diffusion rate
of the solid electrolyte. Therefore, 1t 1s considered that the
numeral range of Z 1s applicable as 1t 1s as the numeral range
of C in the general formula (I1_,, A _,) La;_,E,Zr,. M O,,,
which 1s a concept including L1, _La,(Zr, Nb_)O,,.

In general, for the crystals of the garnet type oxide solid
clectrolyte represented by the composition formula of the
general formula (L1 ,, A ,)La, E,Zr, M O,,, 1t 1s known
that the L1 ion diffusion rate 1s increased when a small
amount of L1 1s substituted by the A element, 1.e., by Al or
Ga, and 1n the crystals, since a divalent element makes a
larger contribution to L1 1ion diffusion than a trivalent ele-
ment, the L1 1on diffusion rate i1s increased when La 1s
substituted by the E element, 1.e., Ca and/or Sr.

From the above, 1t 1s considered that the garnet type oxide
solid electrolyte represented by the composition formula
Li ,LasZr, ,Nb, .O,, 1s the lowest 1n L1 1on conductivity
among solid electrolytes represented by the general formula
(L1, Ago)las B, 21, MO, 5.

In the below-described Example 1, 1t was proved that a
high-quality garnet type oxide solid electrolyte with high
crystallinity i1s obtained when the garnet type oxide solid
clectrolyte represented by the composition formula
Lis ,LayZr, ,Nb, (O,, uses only NaCl as the flux, and the
mixture of the solid electrolyte raw materials and the flux
raw materials 1s heated at 1000° C. In Comparative Example
in Patent Literature 1, it 1s described that a high-quality
garnet type oxide solid electrolyte with high crystallinity
cannot be obtained when, as described above, a solid elec-
trolyte represented by Li,La,Zr,O,, (where C=0, that 1s, C
1s less than 0.125) uses NaCl as the flux. Moreover, 1n
Non-Patent Literature 1, it 1s described that a high-quality
garnet type oxide solid electrolyte with high crystallinity
cannot be obtained when, as described above, a solid elec-
trolyte represented by the composition formula
L1;La,Nb,O,, (where C=2.0, that 1s, C 1s more than 0.6)
uses NaCl as the flux.

Therefore, 1t 1s considered that a high-quality garnet type
oxide solid electrolyte with high crystallinity 1s obtained by
limiting the synthesis target compound to the garnet type
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oxide solid electrolyte represented by the general formula
(La,, A ,)La, E,Zr, M O,, according to the disclosed
embodiments and then heating the mixture of the solid
clectrolyte raw matenals and the flux raw matenals at less
than 1100° C.

For the garnet type oxide solid electrolyte aimed at being
synthesized by the production method according to the
disclosed embodiments, the L1 1on diffusion rate has a close
relationship with the concentration of L1 1ons 1n the volume
of the crystal lattice and the volume of the crystal lattice, and
the relationship 1s needed to be optimized. Therelore, al 1s
more than 5.00 and less than 7.00, and 1t may be 1n a range
of from 5.8 to 6.75. Similarly, a2 1s 1n a range of from 0 to
0.2; b 1s 1 a range of from O to 1; and c 1s 1n a range of from
0.125 to 0.6 and may be 1n a range of from 0.125 to 0.375.

In general, for the garmet type oxide solid electrolyte, as
the synthesis temperature increases, the particles thus
obtained increase 1n size and makes it diflicult to control the
particle diameter. Therefore, among solid electrolytes rep-
resented by the general formula according to the disclosed
embodiments, Li.,,Ga, ,,La,Zr, ,.Nb,,-O,,, Li,,.La,
/1) 75Nbg 5505, and Lig;5Al, ;71 7sNb, ,50,, are pre-
terred as the target composition, which are solid electrolytes
that the heating temperature can be set to a low temperature
(the L1 1on diffusion rate 1s high).

[The Step of Preparing Raw Materials for the Garnet Type
Oxide Solid Electrolyte

In the production method according to the disclosed
embodiments, raw materials for the garnet type oxide solid
clectrolyte are weighed out and prepared at the stoichiomet-
ric ratio of the general formula according to the disclosed
embodiments. The requisite amount of each raw material 1s
calculated from the stoichiometric composition of the target
solid electrolyte.

As described above, since the Li-containing compound 1s
used as not only the solid electrolyte raw material but also
the flux 1n the above-listed patent literatures, the Li-con-
taining compound used 1s 1 an excessive amount that 1s
larger than the stoichiometric ratio of the target compound.

In the production method according to the disclosed
embodiments, since the lithium-containing compound 1is
used only as a raw material for the garnet type oxide solid
clectrolyte, the lithtum-containing compound used 1s not 1n
an excessive amount that 1s larger than the stoichiometric
ratio. Therefore, a reaction of the lithium-containing com-
pound and a crucible 1n the heating step and a contamination
of the target compound with the crucible component pro-
duced by the reaction, can be 1nhibited.

In the production method according to the disclosed
embodiments, as the raw materials for the solid electrolyte,
compounds containing the elements constituting the general
formula according to the disclosed embodiments, 1.e., the
Li-containing compound, an A-contaiming compound (an
Al-containing compound and/or a Ga-containing com-
pound), a La-containing compound, an E-containing com-
pound (a Ca-containing compound and/or a Sr-containing
compound), a Zr-containing compound and an M-containing
compound (a Nb-containing compound and/or a Ta-contain-
ing compound) can be used.

As the Li-containing compound, examples include, but
are not limited to, Li1OH, LiNO,, .1,SO, and L10,. Of them,
LL1OH can be used since it easily reacts at a relatively low
temperature.

As the Al-containing compound, examples include, but
are not limited to, v-Al,O,, a-Al,O,, AI(NO,), and Al,
(50,);, Of them, y-Al,O; can be used since, as with the
above, 1t easily reacts at a relatively low temperature.
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As the Ga-containing compound, examples include, but
are not limited to, Ga,O,, Ga(NO,), and Ga,(S0,),. Of
them, Ga,O; can be used since, as with the above, it easily
reacts at a relatively low temperature.

As the La-containing compound, examples include, but
are not limited to, La,O;, La(OH), and La(NO,),. Of them,
La,O, can be used since, as with the above, it easily reacts
at a relatively low temperature.

As the Ca-containing compound, examples include, but
are not limited to, CaO, Ca(CO;) and Ca(NO,),. Of them,
CaO can be used since, as with the above, it easily reacts at
a relatively low temperature.

As the Sr-containing compound, examples include, but
are not limited to, SrO, Sr(CO,) and Sr(NO,),. Of them, SrO
can be used since, as with the above, 1t easily reacts at a
relatively low temperature.

As the Zr-containing compound, examples include, but
are not limited to, ZrO,, Zr(NO,), and Zr(50,),. Of them,
Zr0, can be used since, as with the above, 1t easily reacts at
a relatively low temperature.

As the Nb-containing compound, examples include, but
are not limited to, Nb,O., Nb,O, and NbO,. Of them,
Nb,O; can be used since, as with the above, 1t easily reacts
at a relatively low temperature.

As the Ta-containing compound, for example, Ta,O. can
be used.
| The Step of Preparing the Flux Raw Maternals]

In the production method according to the disclosed
embodiments, NaCl and KCl are used as the flux raw
materals, the flux raw matenals are weighed out at a molar
ratio ol NaCl:KCl=x:(1-x) where x satisfies O=x=1.

Since NaCl and KCl are used as the flux 1n place of the
Li-containing compound, a reaction of the flux and the
crucible in the heating step and a contamination of the target
compound with the crucible component produced in the
mixture by the reaction, can be inhibited.

As described above, 1n the flux method, the crystalline
compound 1s synthesized by mixing the solid electrolyte raw
materials and the flux that can dissolve the electrolyte raw
materials and the thus-obtained solid electrolyte at a tem-
perature equal to or lower than the melting points of the
clectrolyte raw matenals and the thus-obtained solid elec-
trolyte, and then heating the mixture. In general, the heating
temperature 1s determined considering the melting point of
the flux and the properties of the target crystalline com-
pound. To promote the synthesis reaction, the heating tem-
perature 1s determined by adding a temperature needed
depending on the properties of the target solid electrolyte to
the melting point of the flux (1.e., the sum of the melting
point of the flux and a° C.).

The garnet type oxide solid electrolyte that was tried to be
synthesized in the above-listed patent literatures by using
NaC(ll as the flux, has a low Li diffusion rate; theretfore, 1n the
case of using NaCl and/or KCI1 as the flux, which have a
higher melting point than L1OH, the garnet type oxide solid
clectrolyte cannot be synthesized at a temperature of less
than 1100° C., which 1s the evaporation temperature of Li.

While the melting point of NaCl 1s 800° C., the melting
point of KCl 1s 775° C. Since the melting point of the
mixture of KCI1 and Na(Cl can be decreased to 664° C., the
heating temperature thus determined can be 30 to 150° C.
lower by using KCl or the mixture of KCI1 and NaC(l as the
flux.

However, when the solid electrolyte tried to be synthe-
sized 1n Patent Literature 1 and Non-Patent Literature 1 1s
synthesized by using Na(l as the flux, the synthesis reaction
could not be promoted at a temperature of less than 1100° C.,
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which 1s the evaporation temperature of L1, even 1n the case
of using KC1 (melting point 775° C.) or the mixture of KCl
and NaCl (melting point 664° C.)

In the production method according to the disclosed
embodiments, the target solid electrolyte 1s limited to the
compound which has the specific composition and which
has a higher L1 diffusion rate than the compound tried to be
produced 1n the above-listed patent literatures by using NaCl
as the tlux, whereby the synthesis reaction can be promoted
even 1n the case of using NaCl and/or KCl1 as the flux, both
of which have a higher melting point than LiOH.

In the production method according to the disclosed
embodiments, as the flux raw material, NaCl or KCl1 1s used
solely or the mixture of NaCl and KCl1 1s used. That 1s, the
flux raw matenals are prepared at a molar ratio of NaCl:
KCl=x:(1-x) where x satisfies O=c=].

As described above, by limiting the solid electrolyte to the
garnet type oxide solid electrolyte having the specific com-
position, the heating temperature can be determined within
a upper limit temperature range i which L1 does not
evaporate, even 1n the case of using solely NaCl as the flux
(x=1). However, since the melting point of NaCl 1s as high
as 800° C., compared to the case of using KCl or the mixture
of NaCl and KCl, the lower limit temperature that can be
determined 1s high.

Also, as described above, as the heating temperature of
the solid electrolyte increases, the particle diameter of the
thus-obtained garnet type oxide solid electrolyte increases.
Therefore, the particle diameter may be diflicult to control 1n
the case of using NaCl that the lower limit temperature at
which the synthesis reaction 1s promoted 1s high and the
range of the heating temperature that can be determined 1s
narrow. As described above, the upper limit temperature 1s
a temperature of less than 1100° C., which 1s the evaporation
temperature of Li.

The lower limit temperature at which the synthesis reac-
tion 1s promoted, can be decreased by making x satisiy
O=x=1 and using KCl or the mixture of NaCl and KCl as the
flux, 1n order to decrease the melting point to lower than the
case of using NaCl solely. As a result, the heating tempera-
ture range that can be determined 1s increased and makes 1t
casy to control the particle diameter of the thus-obtained
garnet type oxide solid electrolyte.

When x satisfies 0.1=x<0.8, the melting point of the
mixture of NaCl and KCI can be lower than 775° C., which
1s the melting point of KCI. Therefore, the heating tempera-
ture range that can be determined can be further increased.
Especially when x 1s 0.5, the melting point of the flux 1s 664°
C., and thus the heating temperature range that can be
determined 1s very wide.

[The Step of Mixing the Solid Electrolyte Raw Materials
and the Flux Raw Materials]

In the production method according to the disclosed
embodiments, the solid electrolyte raw materials prepared 1n
the above step and the flux raw materials prepared in the
above step are mixed.

As described above, when large amounts of NaCl and/or
KCIl are used as the main raw materials for the flux, Na
and/or K 1ons 1n the flux are expected to be substituted with
L1 10ns 1n the solid electrolyte.

However, imn the production method according to the
disclosed embodiments, contrary to the above expectation,
even 1n the case of using large amounts of NaCl and/or KCl
as the flux, the Na and/or K 1ons in the flux are not
substituted with the L1 1ons 1n the solid electrolyte.

In the production method according to the disclosed
embodiments, the mixing ratio of the solid electrolyte raw
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materials and the flux raw materials 1s not particularly
limited, as long as the target solid electrolyte can be syn-
thesized. However, 1f the theoretical value of the molar
concentration of the solid electrolyte 1n the dissolved mix-
ture after synthesis, 1s more than 2.5 mol/L in the heating
step, the amount of the flux 1s too small and, for example,
there 1s a possibility that the solute 1s not sufliciently
dissolved or the highly-crystalline solid electrolyte 1s not
grown.

If the concentration of the solid electrolyte 1n the dis-
solved mixture after synthesis, 1s less than 0.5 mol/L, the
amount of the flux 1s too large and, for example, there 1s a
possibility of failing to obtaining the solid electrolyte having,
the target composition, a possibility of small yield and poor
production efliciency of the target oxide solid electrolyte, or
a possibility of insuflicient crystal growth.

In this step, the concentration of the solid electrolyte in
the dissolved mixture after synthesis, 1s preferably from 0.5
to 2.5 mol/L, and more preferably from 1.0 to 2.0 mol/L.

In addition to the above-mentioned raw maternals and flux
raw materials, a different component may be used and
mixed, as long as the structure, composition, etc., of the
target oxide solid electrolyte 1s not affected. The amount of
the different component used and mixed can be as small as
possible. To obtain a high-purity garnet type oxide solid
clectrolyte, the raw matenals can be high-purity raw mate-
rials. The purnity of the raw materials 1s preferably 98% or
more, and 1t can be 99% or more.

The method for mixing the solid electrolyte raw materials
and the flux raw materials 1s not particularly limited, as long
as 1t 1s a method that can umiformly mix them. As the mixing
method, a known method can be used. As the known
method, examples include, but are not limited to, mixing by
a mortar, mixing and stirring by mechanical milling, mixing
and stirring by a planetary mixer, and mixing and stirring by
a shaker.

Of these mixing methods, the mechanical milling 1s not
particularly limited, as long as it 1s a method of mixing the
raw materials by applying mechanical energy. As the
mechanical milling, examples include, but are not limited to,
a ball mill, a turbo mill, mechanofusion, and a disc muill.

[ The Step of Heating the Mixture of the Solid Electrolyte
Raw Materials and the Flux Raw Materials]

In the production method according to the disclosed
embodiments, to prevent L1 from evaporation during a
reaction, the mixture 1s heated at a temperature of less than
1100° C. As described above, by limiting the composition of
the target solid electrolyte to the specific composition, a
highly-crystalline, high-quality garnet type oxide solid elec-
trolyte with less impurities can be synthesized at a tempera-
ture of less than 1100° C., even 1n the case of using NaCl,
KCl and the mixture thereotf as the flux.

The lower limit of the heating temperature 1s not particu-
larly limited, as long as a solid electrolyte with high crys-
tallinity 1s obtained. In general, 1t can be a temperature equal
to or more than the melting point of the flux used. To easily
control the particle diameter of the solid electrolyte, the
heating temperature 1s preferably 960° C. or less, and more
preferably 850° C. or less.

The heating time 1s not particularly limited, as long as a
garnet type oxide solid electrolyte with high crystallinity 1s
obtained. The heating time 1s preferably from 1 to 40 hours,
and more preferably about 10 hours.

In the production method according to the disclosed
embodiments, as an index of the crystallinity of the garnet
type oxide solid electrolyte, the half-width of a peak 1n a
XRD pattern can be used. More specifically, when the
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half-width of a peak 1n the XRD pattern of the garnet type
oxide solid electrolyte 1s 1 or less, the crystallinity of the
garnet type oxide solid electrolyte 1s sufliciently high. Also,
the half-width of a peak 1n the XRD pattern can be 0.5 or
less.

The heating method 1s not particularly limited, as long as
heating 1n the above condition can be carried out. The
heating atmosphere 1s not particularly limited, and heating in
the air or heating 1n an oxygen atmosphere 1s preferred.

As the heating method, examples include, but are not
limited to, heating by an electric furnace, heating by a heat
oun, heating by a sheet heater or wire heater, heating by
plasma 1rradiation, infrared heating, arc heating, induction
heating and laser heating.

[Other Step]

After the heating step 1s completed, a resulting reaction
mixture 1n the crucible and the crucible are cooled down by
radiative heat loss.

In general, the flux 1n the reaction mixture, that 1s, NaCl
and/or KC1 are dissolved using an aqueous solution.

In the production method according to the disclosed
embodiments, since [L10OH 1s not used as the flux, a solution
that puts a high load on the environment 1s not discharged in
a flux removal step.
<The Garnet Type Oxide Solid Electrolyte Produced by the
Production Method According to the Disclosed Embodi-
ments~>

Heremaiter, the gamet type oxide solid electrolyte
obtained by the production method according to the dis-
closed embodiments, will be described.

The garnet type oxide solid electrolyte obtained by the
production method according to the disclosed embodiments,
has sufliciently high crystallinity. Almost all of the L1 10ns in
the gamet type oxide solid electrolyte are not substituted
with the crucible-derived component, and the garnet type
oxide solid electrolyte contains almost no impurities that
contain the crucible-derived component.

The garnet type oxide solid electrolyte obtained by the
production method according to the disclosed embodiments,
preferably has a cubic crystal structure and a lattice constant
(A) 1n a range of from 12.30 to 12.98.

Also, the garnet type oxide solid electrolyte obtained by
the production method according to the disclosed embodi-
ments, 1s preferably in the form of such particles that the
length of at least one side selected from height, width and
depth 1s 0.1 um or more and 1 mm or less.

EXAMPLES

Hereinafter, the disclosed embodiments will be described
in more detail, by way of examples and comparative
examples. However, the scope of the disclosed embodiments
1s not limited to the following examples.
<Production of Gamet Type Oxide Solid Electrolyte>

Example 1

To obtain a garnet type oxide solid electrolyte represented
by the composition formula Li, La,Zr, ,Nb, .O,,, L1OH
(manufactured by Sigma-Aldrich), La,O; (manufactured by
Kojundo Chemical Laboratory Co., Ltd.), ZrO, (manufac-
tured by Kojundo Chemical Laboratory Co., Ltd.) and
Nb,O. (manufactured by Kojundo Chemical Laboratory
Co., Ltd.) were used as raw materials and weighed out at a
molar ratio of 12.8:3.0:1.4:0.6.

As a flux raw material, NaCl (manufactured by Kojundo
Chemical Laboratory Co., Ltd.) was used and weighed out
so that the mass was 2.8 times the total mass of the solid
clectrolyte raw materials prepared. As just described, 1n the
case of mixing the NaCl (flux) and the solid electrolyte raw
materials so that the mass of the NaCl 1s 2.8 times the total
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mass of the solid electrolyte raw materials prepared, the
concentration of the solid electrolyte 1n the dissolved mix-
ture after synthesis, 1s 2 mol/L in the heating step.

The raw materials and the flux were subjected to dry

mixing by means of a planetary ball mill (product name: P-5,
manufactured by: FRITSCH).

Next, 13 g of the mixture of the raw materials and the flux
was put 1n a S0-mL Al,O; crucible (manufactured by Nik-
kato Corporation) and heated at 1000° C. for 10 hours 1n an
clectric furnace (product name: KDF, manufactured by: AS
ONE Corporation).

After the mixture was cooled down to room temperature,
200 mL of 5 mol/LL L1OH aqueous solution was poured into
the crucible, and the flux (NaCl) was dissolved.

The thus-obtained solution containing the flux, an oxide
solid electrolyte thus obtained, etc., was filtered to separate
and collect a garnet type oxide solid electrolyte therefrom,
thereby obtaining the gamet type oxide solid electrolyte of
Example 1.

Examples 2 to 10

Garnet type oxide solid electrolytes of Examples 2 to 10
were obtained 1n the same manner as Example 1, except the
production conditions were changed as shown 1n Table 1.
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ratio of 140:3:2. In the case of mixing them at this ratio,
[L10OH equal to or larger than the stoichiometric ratio serves
as the flux; therefore, the concentration of the solid electro-
lyte 1n the dissolved mixture after synthesis, 1s 2 mol/L in the
heating step.

The components weighed out and prepared as described
above, were subjected to dry mixing by means of the
planetary ball mill (product name: P-5, manufactured by:
FRITSCH). Next, 13 g of the mixture of the raw materials
and the flux was put 1n a 30-mL Al,O, crucible (manufac-
tured by Nikkato Corporation).

The crucible containing the mixture was heated at 1000°
C. for 10 hours 1n the electric furnace (product name: KDF,
manufactured by: AS ONE Corporation).

After the mixture was cooled down to room temperature,
200 mL of distilled water was poured into the crucible, and
the flux (L1OH) was dissolved.

The thus-obtained solution containing the flux and an
oxide solid electrolyte thus produced was filtered to separate
a gamet type oxide solid electrolyte therefrom, thereby
collecting the garnet type oxide solid electrolyte of Com-
parative Example 1.
<X-Ray Crystal Diffraction (XRD) Measurement>

XRD spectra of the garnet type oxide solid electrolytes of
Examples 1 to 10 and Comparative Example 1, were

TABLE 1
Solid electrolyte raw materials
Target Li A La E Zr M
composition source source source source  source source
Example 1 Lig 4LazZr; 4Nbg 05 L1OH - La>,0, - 7105 Nb,Os4
Example 2 Lig 4LazZr; 4\Nby ;05 L1OH — La,0, — 710, Nb,Os5
Example 3 Lig 4LazZr; 4\Nbgy sO (5 L1OH — La,0; — 710, Nb,Os4
Example 4 Lig 75La3Z1r; 75Nbg 5505 L1OH — La,0, — 710, Nb,Os5
Example 5 Lig 75La3Z1r; 75Nbg 5505 L1OH — La,0; — 710, Nb,Os4
Example 6 Lig 55Gag gallazZry 4Nbg (O 15 LiOH Ga,0, La,0, — Zr0O5 Nb,Os4
Example 7 Lig sGagsLlayZr; -sNbg 5505 L1OH Ga, 05 La,0; — 710, Nb,Os4
Example &8 Lig 30Gag 5LaszZr; 75Nbg 5505 LiOH Ga,0; La>,0;, — 7105 Nb,Os4
Example 9 Lig 5gAlg gallazZr 4Nbg 045 L1OH v-Al,05 La,0; — 710, Nb,Os4
Example 10 Lig (sAlp5LazZr, ,sNbg 55045 LiOH v-Al,04 La,0, - ZrO, Nb,Og4
Comparative Li;LayZ1,0 5 L1OH — La,0, — 710, —
Example 1
Flux Solid
raw electrolyte Heating Heating Particle Impurities
material concentration temperature  time  diameter observed
(X) (mol/L) (° C.) (h) (m) by SEM
Example 1 NaCl(1) 2 1000 10 5.8 No
Example 2 NaCl, 2 800 20 1.0 No
KCI(0.5)
Example 3 NaCl(1) 2 960 20 5.6 No
Example 4 NaCl(1) 2 960 20 5.6 No
Example 5 NaCl(1) 1 960 20 5.6 No
Example 6 NaCl(1) 2 960 20 6.4 No
Example 7 NaCl(1) 2 960 20 6.4 No
Example 8 NaCl(1) 2 960 20 6.4 No
Example 9 NaCl(1) 2 960 20 7.1 No
Example 10 NaCl(1) 2 960 20 7.1 No
Comparative Li0O 2 1000 10 7.5 Yes
Example 1

Comparative Example 1

To produce a garnet type oxide solid electrolyte repre-
sented by the composition formula Li,La;Zr,0O,,, L1OH
(manufactured by Sigma-Aldrich), which was used as a raw
material and flux, and La,O; (manufactured by Kojundo
Chemical Laboratory Co., Ltd.) and ZrO, (manufactured by

Kojundo Chemical Laboratory Co., Ltd.), both of which
were used as raw materials, were weighed out at a molar

obtained by X-ray powder diffraction measurement with a

60 XRD measurement device (product name: SmartLab, manu-

65

factured by: Rigaku Corporation) using a CuKa radiation.
The measurement was carried out 1n an 1nert atmosphere (Ar
gas) at a scanning speed ol 5°/min, with a sampling width of
0.01°, and 1n a 20 range from 10° to 80°.
<Electron Microscope Observation>

The garnet type oxide solid electrolytes obtained 1in
Examples 1 to 10 and Comparative Example 1 were each
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placed 1n a sample chamber and observed by a scanning
clectron microscope (SEM) (product name: JSM7500,
manufactured by: JEOL Ltd.) at an accelerating voltage of
15 kV and a magnification of 100x to 6000x.

<Ewvaluation Results>

FIGS. 1 to 10 show the XRD spectra of the gamet type
oxide solid electrolytes of Examples 1 to 10. FIG. 11 shows
the XRD spectrum of the garnet type oxide solid electrolyte
of Comparative Example 1.

According to Table 1, impurities were found around the
particles of the garnet type oxide solid electrolyte shown on
a SEM observation image of the solid electrolyte of Com-
parative Example 1.

As shown 1n FIG. 11, 1n addition to a spectrum attribut-
able to the target L1-La;Zr,0,,, spectra of L1Al,(OH),_ and
L1AlO,, were found 1n the XRD spectrum of the garnet type
oxide solid electrolyte of Comparative Example 1. There-
fore, the impurities found on the SEM observation image of
the solid electrolyte of Comparative Example 1 are consid-
ered to be LiAl,(OH), and L1AlO,. These impurities are
considered to be impurities resulting from Al 10ns melted 1n
the mixture by the reaction of the flux (LiOH) and the
crucible material (Al,O,).

Meanwhile, according to Table 1, only the particles of the
target solid electrolyte were observed on SEM observation
images of the garnet type oxide solid electrolytes of
Examples 1 to 10, and the impurities observed in Compara-
tive Example 1 were not found. Also, as shown 1n FIGS. 1
to 10, only a spectrum attributable to the target garnet type
oxide solid electrolyte was found 1n the XRD spectra of the
garnet type oxide solid electrolytes of Examples 1 to 10, and
almost no spectra of the impurities found 1n Comparative
Example 1, were found.

As just described, since the impurities (L1Al,(OH)_and
[L1A1O,) are not observed in the garnet type oxide solid
clectrolytes of Examples 1 to 10 produced by using NaCl
and/or K] as the flux raw materials, 1t 1s considered that the
crucible component (Al) hardly eluted 1n the heating step.

There has been no known method for producing a garnet
type oxide solid electrolyte by using NaCl and/or KCl1 as tlux
raw materials. However, in the production methods of
Examples 1 to 10, the garnet type oxide solid electrolyte
having such a composition that the L1 1on conductivity 1s
2x107> S/cm or more is synthesized as the target compound,
whereby the garnet type oxide solid electrolyte can be
produced even 1n the case of using NaCl and/or KCl as flux
raw materials.

As described above, the gamet type oxide solid electro-
lyte represented by the general formula (L1 ,, A ,) La,_,
E.7Zr, M O,, has higher L1 1on conductivity than
Lis ,LayZr, ,Nb, (O, (Examples 1 to 3) which 1s the lowest
in L1 10n conductivity among the solid electrolytes produced
in Examples 1 to 10. Therefore, 1t 1s considered that the
highly-crystalline garnet type oxide solid electrolyte can be
produced by heating at a temperature of less than 1100° C.,
even 1n the case of using NaCl and/or KCl1 as the flux raw
materials.

Also, the particle diameter of the solid electrolyte
obtained 1n Example 2 was observed by an electron micro-
scope. According to Table 1, the particle diameter 1s 1.0 um
and smaller than the particle diameter (5.8 um) of the solid
clectrolyte obtained 1n Example 1. Therefore, 1t 1s clear that
Example 2 in which NaCl and KCl were mixed 1n equal
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amounts and used as the flux raw materials, can produce the
garnet type oxide solid electrolyte by heating at a tempera-
ture 200° C. lower than Example 1 1n which only NaCl was
used as the flux raw matenal (1.e., by heating at a tempera-
ture of 800° C.) and can decrease the particle diameter of the
thus-obtained solid electrolyte.

From the above results, it 1s clear that in the method for
producing the garnet type oxide solid electrolyte according
to the disclosed embodiments, a garnet type oxide solid
clectrolyte that has high crystallinity and 1s inhibited from a
reaction of the flux and the crucible in the heating step and
from a contamination of the target compound with the
crucible component produced by the reaction, 1s obtained by
limiting the target compound to the garnet type oxide solid

clectrolyte having the specific composition, and by using
NaCl, KCI and the mixture of NaCl and KCI as the flux.

The mnvention claimed 1s:

1. A method for producing a garnet type oxide solid
clectrolyte represented by a general formula (L1, A_,)La,_,
E.Zr, M _O,, where al satisfies 35<al<7; a2 satisfies
0=<a2<0.2: b satisfies O<b=<1; ¢ satisfies 0.125=c=<0.6; A 1s at
least one element selected from Al and Ga; F is at least one
element selected from Ca and Sr; and M 1s at least one
element selected from Nb and Ta,

the method comprising the steps of:

preparing raw materials for the garnet type oxide solid

clectrolyte at a stoichiometric ratio of the above general
formula;
preparing flux raw materials by using NaCl and KCl at a
molar ratio of NaCl:KCl=x:(1-x) where x satisfies
O<x=];

mixing the solid electrolyte raw materials prepared 1n the
above step and the flux raw materials prepared in the
above step; and

heating a mixture of the solid electrolyte raw materials

and the flux raw matenals at a temperature of less than
1100° C.,
wherein the flux excludes a lithium-containing compound.

2. The method for producing the garnet type oxide solid
clectrolyte according to claim 1, wherein x satisfies O=x<1.

3. The method for producing the garnet type oxide solid
clectrolyte according to claim 2, wherein x satisfies
0.1=x=<0.8.

4. The method for producing the garnet type oxide solid
clectrolyte according to claim 1, wherein the solid electro-
lyte raw materials and the flux raw materials are mixed so
that a theoretical value of a molar concentration of the solid
clectrolyte 1n the dissolved mixture after synthesis, 1s 2.5
mol/L or less in the heating step.

5. The method for producing the garnet type oxide solid
clectrolyte according to claim 1, wherein al 1s in a range of
from 5.8 to 6.75 and ¢ 1s 1 a range of from 0.125 to 0.375.

6. The method for producing the gamet type oxide solid
clectrolyte according to claim 1, wherein the garnet type
oxide solid electrolyte 1s represented by one of the following
general formulae:

LigslasZr, 4Nbg 6045,  Lig 30Gag 1518371, 75Nbg 5505,
Lis 7sLazZr, 75Nbg 55045, Lig 15Al, 521 75Nbg 5505,
L1 15Gag ,LazZr, 75Nbg 5505,
L1 25Gag g4las 21, JNbg O, 5,
Lig 55Aly o4l.asZr, JNb, (O 5.

G ex x = e

and
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